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The use of nondestructive evaluation (NDE) to predict strength or 
reliability of materials requires two steps. One is to identify and mea-
sure the dimensions of strength-controlling defects, and the other is to 
relate the defect size to the strength. The purpose of this paper is to 
examine such relations between defects and strength for ceramic fiber 
composites, and to identify some of the important flaws for which nonde-
structive detection methods will be needed. 
Because of their low intrinsic fracture toughness, the strengths of 
ceramics are generally very sensitive to defects. For uniform fine-
grained materials such as Si3N4, well-defined relations have been estab-
lished between the strength and sizes of various types of defects, such 
as cracks, voids and inclusions. Since strength generally decreases with 
increasing defect size, NDE requires a search for the largest defect. 
The surface crack is the most severe type of flaw for a given size and 
has accordingly received most attention [1-5]. However, well-defined 
relations between strength and preexisting flaw size do not always 
exist. For example, in materials that exhibit crack resistance curve 
behavior, the crack that causes failure changes in size as load is 
applied to the body, and may even nucleate during loading [6,7]. Then, 
strength is dictated by the microstructura! characteristics that deter-
mine the shape of the resistance curve, rather than by preexisting flaws. 
In ceramic composites, a further complication arises from the possibility 
of severa! failure mechanisms, depending on the microstructure of the 
composite and the applied stress state [8,9]. Nevertheless, by combining 
direct observations of failure mechanisms and micromechanical fracture 
analysis, relations between defects and strength can be obtained [10-16]. 
In the following sections, such relations will be examined, with specific 
reference to composites composed of glass and glass ceramics reinforced 
by continuous SiC fibers [17]. However, many of the mechanisms are ex-
pected to be common to other brittle matrix composites. 
UNIAXIALLY REINFORCED COMPOSITES 
Tensile strength and toughness of materials that are inherently 
brittle can be dramatically improved by fiber and whisker reinforcement 
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[17]. This generally requires weak interfaces between the fibers and 
matrix to allow debonding and sliding near the tips of cracks. However, 
this requirement also leads to anisotropy in uniaxially reinforced com-
posites, with improved tensile properties parallel to the fibers, but 
severely degraded transverse and shear properties. 
Tensile Loading 
Two basically different failure mechanisms have been identified in 
uniaxially reinforced composites that are loaded in tension parallel to 
the fibers [8]. The corresponding load-deflection curves are illustrated 
in Fig. 1. If the fibers are not sufficiently "strong" (a concept that 
will be defined later), then failure is catastrophic. On the other hand, 
for high-strength fibers, the failure may be noncatastrophic, with a non-
linear loading response and gradual decrease in load-carrying capacity 
beyond the peak. The noncatastrophic decrease in load gives the material 
the appearance of being very tough. Load deflection curves of this form 
have been reported in glasses and glass ceramics reinforced by carbon and 
SiC fibers [17-20]. 
o 
c:( 
o 
.... 
w 
.... 
iii 
z 
w 
1-
FIBER _____ ___., 
FAILURE 
1 
1 
1 
1 
1 
"STRONG" 
FIBERS 
~"WEAK" 
1 FIBERS 
1 
~ 
DISPLACEMENT 
Fig. 1 Load-deflection responses for ceramic composites. 
High-Strength Fibers. The noncatastrophic failure mode is charac-
terized by the formation of periodic cracks that extend completely 
through the matrix without caus ing fiber breakage [ 8, 11]. The formation 
of the first of these cracks coincides with the onset of the nonlinear 
load-deflection, and the multiple cracking occurs during further load 
increase. Frac ture mechanics mode ling has predicted that the first 
matrix crack forms at a stress that is independent of the size of any 
preexisting cracks, provided that there are preexisting cracks larger 
than a certain size [12]. For composites in which the fibers are held in 
place by frictional forces (e.g., the glass and glass ceramic composites 
mentioned above), this stress for matrix cracking, a0 , is [10-13] 
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where crR is the axial residual stress in the matrix due to thermal con-
traction mismatch between the fibers and matrix, K0 is the fracture 
toughness of the unreinforced matrix, Ţ is the interface frictional 
stress, R is the fiber radius, f is the fiber volume fraction, v is 
Poisson's ratio for the composite, and Ef, ~ E are the elastic moduli 
of the fibers, matrix and composite. c 
The insensitivity of cr0 to preexisting flaws has been confirmed ex-
perimentally in the SiC/glass ceramic composite by using a diamond in-
denter to introduce matrix cracks (larger than observable preexisting 
cracks) in a test specimen, and then observing the development of crack-
ing during subsequent loading [8]. The first cracks to grow completely 
through the matrix in these tests invariably originated from locations 
other than the purposely induced damage. Because cr9 is independent of 
flaw size, there is nothing to be gained from searching for preexisting 
matrix flaws. However, NDE methods to measure nonuniformity of micro-
structural parameters such as f and Ţ would be useful in predicting 
premature matrix cracking. 
The peak strength in tensile loading is dictated by fiber failure. 
After periodic matrix cracks form, the specimen can be viewed as a bundle 
of fibers that are connected by blocks of matrix. Failure of the bundle 
involves statistica! fiber fracture, with stresses in the fibers being 
influenced by frictional forces due to the blocks of matrix. The bundle 
strength is dictated primarily by the average fiber strength, but is also 
influenced by the fiber/matrix properties and the shape parameter of the 
fiber strength distribution. It is noted that a statistica! distribution 
of fiber strengths is required for the gradual decrease of load-carrying 
capacity beyond the peak load. 
Low Strength Fibers. If the fiber strength is lower than a critica! 
value, fiber failure accompanies the growth of a matrix crack. In this 
case, failure of the composite is catastrophic when the matrix crack 
extends through the specimen, and the composite appears "brittle". How-
ever, substantial toughening can still arise from the reinforcing fibers 
if the failure occurs behind the crack tip so that a zone of bridging 
fibers exists. The toughening effect is dependent upon the fiber 
strength, the interfacial properties and other microstructura! param-
eters. The strength of the composite in this case is dependent upon pre-
existing cracks as well as the fracture toughness. Moreover, the pre-
existing cracks are characterized by both the total crack length and the 
size of the bridging zone. ---
Solutions have been obtained for a fracture mechanics model in which 
fibers are held in place by weak frictional forces and in which the fiber 
strengths are single-valued [13,16]. Weak frictional bonding is known to 
exist in the SiC and carbon fiber-reinforced glasses and glass ceramics, 
but in other systems the analysis may require further development. The 
single-valued fiber strength is a simplification that restricts the fail-
ure of bridging fibers to the region between the crack surfaces. A more 
realistic distribution of fiber strengths would allow fiber failure with-
in the region embedded in the matrix, with continued crack-bridging 
effect as the fibers pull out of the matrix. In composites with random 
orientation of reinforcing fibers (or whiskers), strength distribution 
effects become less important, because bending stresses that develop in 
bridging fibers cause 'failure to occur in the region between the crack 
surfaces. The results of the analysis indicate that, in general, failure 
of the composite can involve several sequences of fiber failure or matrix 
cracking with increasing applied stress prior to catastrophic failure, 
depending on the initial crack configuration. However, the most impor-
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tant ranges of behavior are represented by two initial configurat,i.ons, 
the crack without an initial bridging zone (i.e., a notch cut by a saw) 
and the crack with a bridging zone extending over its entire length. 
The applied stresses required to cause fiber failure or crack growth 
in the matrix for a fully bridged crack are shown in Fig. 2. The results 
are plotted in normalized form where crn = 1.25cr0 and 
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Fig. 2 Variation of stresses for matrix cracking and fiber failure 
with crack size for fully bridged crack. 
For large cracks, both stresses approach steady-state values, 0.8 foT 
matrix cracking and Sf/crn (where S is the absolute fiber strength) for 
fiber failure. The first event to occur upon loading depends on the 
initial crack length and fiber strength. If the crack is large and the 
fiber strength is Sf/crn > Q.8, then matrix cracking occurs first and fur-
ther increase in applied stress is needed to cause fiber failure. This 
is the noncatastrophic mode of failure. But, if the fiber strength is 
< Q.B, catastrophic failure of the composite occurs when the applied 
stress equals the smaller of the matrix cracking or fiber failure 
stresses. 
Failure from a crack that initially has no bridging fibers always 
begins with growth of the crack in the matrix. The stress required to 
cause continued crack growth is plotted as a function of the crack exten-
sion for various values of initial crack length, C0 , in Fig. 3. The 
matrix cracking stress in this case is an increasing function of crack 
extension, indicating that the growth is stable. This stable growth con-
tinues until a critica! bridging zone develops (i.e., where fiber failure 
occurs), whereupon the composite fails catastrophically. The critical 
condition is indicated in Fig. 3 (broken curves) for several values of 
fiber strength. The analysis indicates that the applied stress and crack 
size at the critica! condition are related by [16] 
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In this case, NOE to detect preexisting cracks would clearly be benefi-
cia! for reliability prediction. 
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Fig. 3 Variation of stress required to extend a partly bridged crack 
(solid curves, for varfous initial unbridged crack sizes) with 
crack extension. Broken curves represent loci of the condition 
for catastrophic failure for various fiber strengths. 
Transitions in Failure Mechanism. 
that the transition from catastrophic 
tially fully bridged cracks occurs at 
is dependent upon the microstructura! 
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The results in Fig. 3 indicate 
to noncatastrophic failure for ini-
Sf/an = 0.8. The parameter Sf/crn 
properties of the composite [16]: 
(5) 
More generally, the transition value of Sf/an is also dependent upon the 
initial size of the bridging zone associated with the dominant crack, as 
shown in Fig. 4. For composites in which the parameter Sf/crn is larger 
than the value indicated by the curve labeled 54, failure is always non-
catastrophic. For Sf/crn smaller than values defined by curve S3, failure 
is always catastrophic. And for values in the small region between the 
two curves, either failure mechanism can occur, depending on the initial 
total crack length. 
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Fig. 4 Condition for transition between catastrophic and non-
catastrophic failure mechanisms. 
Flexural Loading 
A beam loaded in flexure experiences tensile and compressive stres-
ses of equal magnitude at the surfaces, and shear on the mid plane of the 
beam, between the loading lines. The ratio of the magnitudes of the max-
imum tensile and shear stresses is proportional to the ratio of the sepa-
ration of the loading lines to the specimen thickness. Consequently, the 
failure mechanism is also dependent upon these dimensions. 
For long thin beams, failure begins with matrix cracking, as in ten-
sile loading, but the matrix cracks arrest as they approach the mid plane 
of the beam. Subsequently, failure of the beam occurs by compressive 
damage [8] (fiber buckling and matrix crushing). Once matrix cracking 
occurs, the composite becomes more compliant on the tensile side of the 
beam than on the compressive side, so that the neutral axis shifts toward 
the compressive surface, and the magnitude of the stress at the compres-
sive surface becomes larger than that at the tensile surface. Thus, even 
though the strength of the composite is higher in uniaxial compressive 
loading than in uniaxial tensile loading, the load redistribution in the 
beam causes failure in compression [8]. Relations between compressive 
failure stress and microstructure are not well defined, but the fiber 
buckling stress would be expected to be influenced by nonuniformity in 
the fiber distribution, as well as fiber straightness and alignment. 
For short thick beams, failure ocurs in shear between the inner and 
outer loading points. This involves matrix microcracking, which is 
apparently influenced by shear stress concentrations in the matrix be-
tween bundles of fibers that. are nonuniformly distributed [21]. 
LAMINATED COMPOSITES 
Laminated composites have tensile properties intermediate between 
the axial and transverse properties of uniaxially reinforced composites, 
as shown in Fig. 5 for the SiC/glass-ceramic composite [9]. However, 
failure processes are influenced by interaction of the laminates, espe-
cially from the interlaminar residual stresses. Three main stages of 
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damage formation have been identified, at stresses crd, cre and a [9]. 
Initial deviation from linearity at stress crd is associated with forma-
tion of delamination cracks at the edge of the specimen. These cracks lie parallel to the applied stress and within the transverse layer adja-
cent to the laminate interface. The cracks are driven by edge stresses 
arising from both residual interlaminar stresses and elastic anisotropy. Detailed fracture analysis of crack initiation is not available. The 
second mode of damage involves periodic matrix cracking normal to the 
applied load at stress cre• In the SiC glass ceramic composite, the 
cracks developed in both the axial and transverse laminates at about the 
same load. The formation of the cracks can be analyzed in terms of the 
results of Sect. 2, with the additional influence of interlaminar resi-dual stresses [9]. The peak stress is determined by fiber failure, which leads to large openings of matrix cracks and formation of large delamina-
tion cracks. 
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Fig. 5 Comparison of load-deflection curves for unidirectional and 
cross-ply laminated composites of SiC/glass ceramic. 
OPPORTUNITIES FOR NDE 
The results described in Sects. 2 and 3 indicate that the mechanical behavior of composites and the role of defects can be very sensitive to 
microstructura! properties and the applied stress state. Nevertheless, a 
number of examples have been defined where NDE could play an important 
role in assessing reliability. These involve not only detection of flaws, but also evaluation of microstructura! characteristics, such as interfacial properties, residual stresses, and uniformity of the fiber 
distribution. 
The nature of the fiber/matrix interface is the key microstructura! property that is subject to processing variability. In frictionally bonded composites, the magnitude of the stress that resists sliding at 
the interface determines the matrix cracking stress and the fracture 
toughness in the noncatastrophic and brittle modes of failure (Eqs. (1) 
and (4)), as well as dictating which of the failure mechanisms occurs (Eq. (5)). Therefore, nondestructive methods for measuring Ţ (e.g., based on interna! friction measurernents) would be beneficia!. 
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Residual stresses arise from different thermal contractions of 
fibers and matrix and,.in laminated composites, from anisotropy in con-
traction of individual layers giving rise to interlaminar stresses. 
These stresses have a direct influence on the stress for matrix cracking 
(Eq. (1)) and on delamination in cross-plied composites [9]. Moreover, 
the residual stress normal to the fiber/matrix interface influences the 
sliding resistance. Residual stresses could be evaluated using x-ray or 
acoustic methods. 
Nonuniformities in fiber distribution in a composite influence the 
transition between catastrophic and noncatastrophic failure in both ten-
sion and flexure. In particular, a region of missing fibers would allow 
matrix cracking at reduced applied stress (Eq. (1)). Although the crack 
may arrest at an area of higher fiber concentration, the crack so formed 
has a large unbridged area, which may allow brittle failure in a compo-
site that would otherwise (i.e., for fully bridged cracks) fall within 
the region of noncatastrophic failure in Fig. 4. In flexural loading, 
nonuniform fiber distributions have the additional influence of creating 
stress concentrations that tend to induce shear failure. Therefore, 
methods for detecting nonuniformity of fiber distribution would be useful 
for quality control. 
There are severa! areas where detection of cracks would be useful to 
predict reliability. The most obvious is in tensile loading of compo-
sites that fail catastrophically. The strength in this case is very sen-
sitive to the preexisting cracks which may be partly bridged by fibers or 
whiskers. For cracks with bridging zones that are sufficiently small for 
the R-curve behavior depicted in Fig. 3 to apply, the strength can be re-
lated directly to the unbridged crack size. This is expected to be the 
case for many whisker-reinforced composites. The size of the unbridged 
area is also critica! for determining the failure mechanism (Fig. 4). 
However, in general, both the total crack size and the size of the bridg-
ing zone must be evaluated. This problem is related to previous studies 
of acoustic scattering from cracks in Si3N~ [3,4], in which a strong 
influence of bridging from asperities on the crack surface was found for 
unloaded cracks. 
In composites that fail noncatastrophically, neither the ultimate 
strength nor the matrix cracking stress are influenced by preexisting 
cracks. However, the formation of matrix cracks degrades the elastic 
properties of the composite and leaves the interna! fibers accessible to 
environmental corrosion and fatigue damage. Therefore, detection of 
matrix cracking would be important for in-service reliability or lifetime 
monitoring. Similar comments apply to laminated composites in which 
failure is preceded by both delamination and matrix cracking. 
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DISCUSSION, ADVANCED CERAMICS AND CERAMIC COMPOSITES 
Haydn Wadley, Chair 
Mr. A. H. Nayfeh (University of Cincinnati): Before we start dealing 
with any of these. materials, we would like to know something about 
their mechanical behavior or their properties; in particular, the 
composites, the fiber-reinforced composites, the silicon carbide 
and the glass. I wonder if anybody knows about the individual 
properties and/or the bulk properties of the composites? Then 
we can discuss their fracture and other behaviors. I would also 
like to know something about the mechanics of these materials. 
Prof. Anthony Evans: Well, I thought that's what David Marshall spoke 
on. 
Mr. Nayfeh: But what about the properties of individual components? 
Could you or Dr. Marshall comment on this? 
Prof. Evans: Do you mean the strength of the fibers, etc.? 
Mr. Nayfeh: Yes, the moduli and the densities and the makeup of the 
silicon carbide and also of the glass, the ones used for experiments. 
Could you characterize the materials? 
Dr. David Marshall: I think there are general properties that one can 
measure independently of the composite; one can measure the elastic 
moduli of the fibers independently, and similarly the matrix. The 
two properties you can't measure independently always are the fiber 
strength and the characteristics of the interface, so I think that's 
why these are the properties that we have suggested one might look 
at with NDE. But I think the other properties that come into those 
relationships, we can measure independently. 
Dr. Haydn Wadley (Chairman): David, do any of these properties, such 
as fiber modulus strength, etc., change during composite processing? 
Dr. Marshall: That's quite possible. The fibers I have been talking 
about are not pure silicon carbide. Rather they contain excess 
oxygen and carbon, and for that reason, their high-temperature 
properties are not as high as pure silicon carbide, and a lot of 
effort is going on in improving those fibers. Certainly, when these 
are heated in an oxidizing atmosphere for any length of time, there's 
degradation of the fibers. So, there's some change in their pro-
perties. 
Prof. Gordon Kino (Stanford University): It seems to me, David, that 
when you are talking about NDE needs, what you are wanting are 
measurements of what goes on before damage has taken place. You 
really want to know intrinsic properties of material, frictional 
forces, and so on. 
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A second aspect is what happens, after damage has taken place. 
The question I have is: in fiber epoxy composites, often damage 
can take place--somebody drops a hammer on it, shall we say--and 
you don't visually see it at the surface but it's there, internally, 
and NDE can do a good job of telling whether indeed that has hap-
pened. Is this a problem in these ceramic matrix types of compo-
sites? 
Dr. Marshall: I think I've summarized these factors in the last 
viewgraph I showed. Certainly, we do want to know about the 
properties of the composite itself, the residual stresses and the 
interface properties, but there also are cases where we want to 
know what sort of damage is present. 
The first damage in a (non-catastrophic type of failure mode) 
in a ceramic matrix composite is the formation of matrix cracks. 
If a component needs to retain an elastic modulus the same as that 
when made, then you want to know whether a matrix crack has formed 
because it degrades the elastic modulus in a non-linear part of 
the stress/strain curve. Thus one of the problems with ceramic 
matrix composites is to detect that fully-breached crack wheri 
it's unloaded, and the surfaces are pushed back together. 
The other region is where the fibers break behind the crack tip. 
Now, you are in the region where strength is dependent on these 
flaws. You now want to know about the existence of this partly 
bridged crack. Ideally you also want to know how it's bridged. 
So I think methods to characterize both flaws are certainly needed, 
but for different reasons in each case. 
Prof. Jan Achenbach (Northwestern University): I have a question about 
a fracture mechanics aspect of the problem. The formulation you 
presented made me think of approaching the problem by using the 
integral method. I'm wondering whether there's a bridging force 
statement. It seems to me, a global measure of what is going on 
would be better obtained by a J integral kind of approach than by 
local statements of friction forces and local values of G along 
a fiber. 
Dr. Marshall: Well, one can certainly use the J integral to analyze 
certain of these cracking problems. In fact, the one where the 
fiber's breaking the end of the bridging zone at the same time as 
the crack is growing can be very nicely analyzed using the J integral, 
and then the problem that goes in there concerns the force relation. 
That's the extra energy that comes in. 
Prof. Achenbach: But then the NDE question would move to a very 
localized one, from a more global kind of measurement of the 
overall toughness, the whole mechanism, not the little things that 
go on. 
Prof. Evans: I think that bas been used to analyze the process. 
You might as well use it for that. And that's good. 
Dr. Bernie Tittmann (Rockwell Science Center): You mentioned that the 
interface properties are critical; that is to say, you don't want 
the tight connection between the fiber or the matrix. You want 
friction to take place as an absorbent of energy. It seems to me 
that one approach might be to measure internal friction of the 
material, make internal friction measurements, and measure, in 
particular, the amplitude dependence of the absorption of internal 
friction. That would shed light on that question in a fairly quan-
titative manner. 
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Dr. Marshall: I agree. That's a very good way to detect it. 
Prof. Evans: I just want to make a remark which is, partly, in a sense, 
a remark to Gordon Kino's comments earlier. 
One difference between these (ceramic matrix) composites and the 
ones you are more familiar with, namely, epoxy matrix composites, 
is that in these systems, you absolutely must avoid bonding between 
the fiber and the matrix; otherwise you essentially Iose the 
mechanical properties. That is not true in the other composites. 
So focusing on the interface to this extent, I think, is a new 
phenomenon in these composites, and that's why !'ve emphasized that. 
That's not to say all the other problems common to all composites 
are not problems here, too, and that's why I like the interna! 
friction idea. I think if that could be done in an appropriate, 
non-destructive way, it would be very meaningful. 
Mr. William Friedman (Standard Oil): Should some of the tests, though, 
be determined by the eventual end use? For example, designers 
may not want to use a material in a mode in which the matrix was 
cracking because that might enhance corrosion in some applications. 
And then the fact that you are diluting the material with the 
fibers may reduce the overall strength, so there may be some losses 
associated with these composites and therefore, the testing should 
reflect that, perhaps, as well? 
Prof. Evans: Well, that's right. Again, if we had more time, I'd like 
to describe what we have now as different ceramics for 
different jobs. And you are quite right. Sometimes someone 
wants high strength without having these wonderful failure materiala, 
and I think some of these, what I call tough ceramics, would fill 
that roie. It's very important to choose the right ceramic for 
the right job. I agree totally. 
From the Floor: I want to suggest a method for measuring residual stress. 
There is an x-ray (diffraction) method that's used in steels and 
various other metals as long as you are in the elastic range, and 
what you look for is a shift in the diffraction peak and actual 
change in the (lattis) parameter due to the elastic stresses. This 
can be quite a sensitive method down in the vicinity of, oh, 1 to 
5,000 psi change in the stress. 
Prof. Evans: I think that's what we have used so far, is the x-ray 
method, and I don't know if there are any problems with it 
that we are not aware of. But certainly that's an approach we 
have used. Yes. 
Dr. Wadley: I have a comment on this point. With the availability of 
devices like the syncotron light source (very bright white x-ray 
sources) the possibility, in principle, bas now emerged to actually 
profile the residual stresses with a resolution comparable to micro-
structural dimensions, say on the order of 10 to 50 microns, and 
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I think there's a real potential to begin to probe some of the 
spatial distributions in the modulus in these types of materiala. 
We are exploring this for fibrous metal matrix composites at NBS. 
Dr. Tittman: It seems to me that most of the applications for ceramics 
would be intended for high temperature. You didn't mention high 
temperature, but it seems to me a lot of the material (characteri-
zation) makes more sense if it's carried out at the temperature, 
roughly, in which they would be used, which sheds a totally different 
light on any of the characterization techniques that we might bring 
to bear. 
Prof. Evans: Well, we are almost entering the realm of philosophy here. 
It turns out that the reason that ceramics are not today in other 
applications is not so much because we don't have toughness at high 
temperatures. It's creep resistance around a few hundred degrees 
centigrade, or the lack of it, that is really more important in 
high temperature applications. So, there's a misnomer and you are 
right. We probably need property measurements at temperatures over 
a few hundred degrees centigrade. We probably do not need to do 
it at 1400 or 1500 degrees centigrade. 
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